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FOREWORD 
ii 
This  document desc r ibes  t h e  r e s u l t s  of t h e  s tudy on t h e  resup- 
p l y / r e p a i r  of s o l i d  o r  hybrid a t t i t u d e  propuls ion  subsystems. 
r e p o r t  i s  submitted t o  t h e  George C .  Marshal l  Space F l i g h t  Center ,  
Nat iona l  Aeronautics and Space Adminis t ra t ion,  i n  compliance w i t h  
Report Requirement d of Contract  NAS8-26196. 
This  
The o v e r a l l  o b j e c t i v e  of t h i s  s tudy  program w a s  t o  s e l e c t  o p t i -  
mum methods f o r  o r h i t a l  resupply ,  maintenance, and r e p a i r  of a 
hybrid a t t i t u d e  c o n t r o l  propuls ion  subsystem f o r  a l a r g e  o r b i t i n g  
Space S t a t i o n .  Hybrid rocke t s  were s tud ied  because they  appear t o  
o f f e r  s i g n i f i c a n t  b e n e f i t s  f o r  t h e  a t t i t u d e  c o n t r o l  of manned space 
s t a t i o n s .  United Technology Center served as a subcont rac tor  t o  
Mart in  Marietta Corporation t o  provide a s s i s t a n c e  i n  s a t i s f y i n g  t h e  
o v e r a l l  program obj  ective e 
Tasks conducted during t h i s  program included:  e s t a b l i s h i n g  
candida te  methods; analyzing t h e i r  impact on Space S t a t i o n  systems; 
s e l e c t i n g  p re fe r r ed  system/methods; developing conceptual  design;  
and analyzing demands on Space S t a t i o n  systems. This  r e p o r t  de- 
s c r i b e s  t h e  ac t iv i t i e s  f o r  t h e s e  t a s k s ,  and is  submitted i n  two 
volumes : 
Volume I - Program Summary; 
Volume I1 - Technical  Study. 
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ABS TRACT 
The Nat ional  Aeronautics and Space Adminis t ra t ion (NASA) is  
i n v e s t i g a t i n g  t h e  p o s s i b i l i t y  of launching a l a r g e  manned e a r t h  
o r b i t a l  space s t a t i o n .  The nominal o p e r a t i o n a l  l i f e t i m e  of t h i s  
base would b e  a minimum of 1 0  yea r s  wi th  a 180-day resupply per iod.  
A 10-year mission i n  space d i c t a t e s  new approaches t o  t h e  de- 
s ign  of propuls ion  subsystems. Previous and cu r ren t  space e f f o r t s  
have s a t i s f i e d  t h e  l i f e t i m e  requirements wi th  component redundancy 
and r igorous  t e s t i n g  of t h e  components. This  approach i s  accept- 
a b l e  f o r  r e l a t i v e l y  s h o r t  missions.  For long missions,  c r i t i c a l  
subsystems, such as propuls ion,  must b e  designed s o  t h a t  t h e  crew 
can perform resupply,  maintenance, and r e p a i r  opera t ions  t o  main- 
t a i n  t h e  subsystem's o r i g i n a l  i n t e g r i t y .  
approach: one t h a t  minimizes t h e  impact on t h e  workload of t h e  crew 
and maximizes t h e  p r o b a b i l i t y  of s u c c e s s f u l l y  accomplishing t h e  
mission.  
This  r e q u i r e s  a d i f f e r e n t  
This  volume summarizes t h e  r e s u l t s  of a s tudy  t o  determine 
optimum methods f o r  o r b i t a l  resupply,  maintenance, and r e p a i r  of a 
hybrid a t t i t u d e  propuls ion  subsystem (APS)* f o r  a l a r g e  o r b i t i n g  
Space S t a t i o n .  An o v e r a l l  goa l  of t h i s  program w a s  t o  develop t h e  
information needed t o  compare t h e  hybrid APS wi th  o the r  candida te  
propuls ion  subsystems. 
The hybr id  rocke t  i s  an a t t r a c t i v e  candida te  f o r  t h e  Space 
S t a t i o n  APS because t h e  use of a s o l i d  f u e l  and a l i q u i d  ox id ize r  
removes t h e  f a i l u r e  modes a s soc ia t ed  wi th  mixing p r o p e l l a n t s  to- 
ge ther  a t  t h e  wrong t i m e ,  i n  t h e  wrong p lace ,  o r  i n  t h e  wrong 
quan t i ty .  I n  add i t ion ,  t h e  s e l e c t e d  p r o p e l l a n t s  are completely 
nontoxic  and nonhypergolic.  I n  o t h e r  words, t h i s  propuls ion  
approach i s  t h e  s a f e s t  of those  considered.  I n  add i t ion ,  t h e  hybr id  
combustion process  i s  i n s e n s i t i v e  t o  g r a i n  imperfec t ions  and chamber 
p re s su re  v a r i a t i o n s .  This  approach a l s o  minimizes t h e  p rope l l an t  
l o g i s t i c s  because of i t s  commonality wi th  o t h e r  Space S t a t i o n  sub- 
systems. F i n a l l y ,  t h e  hybrid APS combines t h e  s i m p l i c i t y  of a mono- 
p r o p e l l a n t  engine wi th  t h e  performance of a b i p r o p e l l a n t  engine.  
*The hybrid APS c o n s i s t s  of t h e  a t t i t u d e  c o n t r o l  system (ACS) 
motors and sp in /despin  motors. 
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A combination of polymethylmethacrylate and polybutadiene w a s  
s e l e c t e d  as t h e  b a s e l i n e  f u e l ,  and l i q u i d  oxygen was chosen as t h e  
oxid izer .  H e l i u m  gas  w a s  t h e  s e l e c t e d  p res su ran t  f o r  t h e  blowdown 
s t o r e d  gas system. Cap i l l a ry  sc reen  p rope l l an t  a c q u i s i t i o n  devices  
were s e l e c t e d .  Long l i f e  w a s  ob ta ined  i n  t h e  t h r u s t  chamber 
assembly by us ing  r a d i a t i o n  cool ing  and pe rmi t t i ng  t h e  fue l - r i ch  
boundary gases  t o  flow d i r e c t l y  i n t o  t h e  nozz le .  This  no t  only 
s i g n i f i c a n t l y  reduces t h e  thermal load and t h e  chemical c o r r o s i v i t y  
of t h e  hybr id  chamber and nozz le ,  bu t  i t  a l s o  extends t h e  ope ra t ing  
l i f e  beyond 10,000 sec. The r a d i a t i o n  cool ing  of t h e  hybr id  t h r u s t  
chamber assembly provided an  exhaust  gas s p e c i e s  environment t h a t  
w a s  similar t o  t h e  environment of t h e  b i p r o p e l l a n t  l i q u i d  engine.  
The s tudy  ind ica t ed  t h a t  t h e  hybr id  APS i s  capable  of s a t i s f y i n g  
t h e  10-year l i f e  c a p a b i l i t y .  An eva lua t ion  w a s  conducted t o  de t e r -  
mine which combination of t h e  18 candida te  ox id i ze r  feed  systems, 
four  i g n i t i o n  concepts ,  t h r e e  g r a i n  design concepts ,  f i v e  g r a i n  
resupply concepts ,  n i n e  o x i d i z e r  resupply  concepts ,  and f i v e  pres- 
s u r a n t  concepts w i l l  provide t h e  optimum APS from resupply,  main- 
tenance, and r e p a i r  c 'onsiderations whi le  s a t i s f y i n g  mission success  
c r i t e r i a .  The s tudy  a l s o  showed t h a t ,  t o  o b t a i n  t h e  10-year l i f e -  
t i m e  f o r  t h e  propuls ion  subsystem, i t  i s  necessary  t o  have both 
redundant c r i t i ca l  subsystems and i n f l i g h t  maintenance. 
Areas s t u d i e d  i n  d e t a i l  included:  r e l i a b i l i t y ;  f a i l u r e  modes ; 
malfunct ion d e t e c t i o n  and r e p a i r  during APS opera t ion ,  s tandby,  and 
refurbishment;  estimates of unscheduled maintenance t i m e  t o  c o r r e c t  
random f a i l u r e s ;  and onboard s e r v i c i n g  and r e p a i r  concepts.  
Many of t h e  concepts ,  f i nd ings ,  and conclusions presented  i n  
t h i s  s tudy  are equa l ly  adap tab le  t o  o t h e r  mechanical and f l u i d  
subsystems f o r  t h e  Space S t a t i o n .  
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The Nat iona l  Aeronautics and Space Adminis t ra t ion (NASA) is  
The nominal ope ra t iona l  l i f e t i m e  of t h i s  
i n v e s t i g a t i n g  t h e  p o s s i b i l i t y  of launching a l a r g e  manned e a r t h  
o r b i t a l  space s t a t i o n .  
base  would be  a minimum of 10 years  wi th  a 180-day resupply per iod .  
This  type  of long-duration manned space  mission r e q u i r e s  
d r a s t i c  improvements i n  t h e  c a p a b i l i t i e s  of t h e  propuls ion  sub- 
system, as w e l l  as o t h e r  subsystems, t o  a t t a i n  s a t i s f a c t o r y  proba- 
b i l i t i e s  of mission accomplishment. Increas ing  t h e  r e l i a b i l i t y  of 
t h e  p a r t s  and assemblies  of t h e  propuls ion subsystem, al though 
mandatory, w i l l  no t  be s u f f i c i e n t  i n  i t s e l f  t o  achieve t h e  o v e r a l l  
levels of assurance  t h a t  are sought.  The r e a l i z a t i o n  of t h e  10- 
year  mission i n  space d i c t a t e s  new approaches t o  t h e  des ign  of t h e  
propuls ion  subsystem. These approaches must inc lude  appropr i a t e  
onboard resources  t o  augment o r  maintain,  throughout t h e  mission,  
t h e  i n i t i a l  i n t e g r i t y  of t h e  propuls ion subsystem. This can be 
accomplished by providing redundancy, performing f a u l t  c o r r e c t i o n ,  
o r  i nco rpora t ing  a combination of t h e  f i r s t  two and resupply ing  
expendables. The s e l e c t e d  approach must minimize t h e  impact on 
t h e  work load of t h e  crew and maximize t h e  p r o b a b i l i t y  of success- 
f u l l y  accomplishing t h e  mission.  
A. STUDY OBJECTIVES 
The o b j e c t i v e  of t h i s  s tudy  w a s  t o  select  optimum methods f o r  
t h e  o r b i t a l  resupply,  maintenance, and r e p a i r  of a hybrid* a t t i t u d e  
propuls ion subsystem (APS) f o r  a l a r g e  o r b i t i n g  Space S t a t i o n .  An 
o v e r a l l  goa l  of t h i s  program w a s  t o  develop t h e  information needed 
t o  compare t h e  hybrid a t t i t u d e  propuls ion subsystem wi th  o the r  
candida te  propuls ion  subsystems, 
*The hybr id  rocke t  considered i n  t h i s  s tudy  uses  a l i q u i d  o r  
gaseous o x i d i z e r  wi th  a s o l i d  f u e l ,  
M C R - 7 1 - 1 1  ( V O I  I )  
Secondary o b j e c t i v e s  were t o :  
1 )  Determine t h e  e f f e c t  of s e l e c t e d  approach/methods on 
Space S t a t i o n  systems, and 
2 )  I d e n t i f y  propuls ion  areas t h a t  r e q u i r e  f u r t h e r  imme- 
d i a t e  technology i n v e s t i g a t i o n  and/or  development t o  
meet an  o p e r a t i o n a l  d a t e  of t h e  l a t e  1970s. 
B. PROGRAM OVERVIEW 
The p resen t  s tudy  is  one of t h r e e  such s tudy  c o n t r a c t s  awarded 
by t h e  Marshal l  Space F l i g h t  Center (MSFC) t o  provide  t h e  necessary 
d a t a  t o  suppor t  t h e  d e f i n i t i o n  s tudy  being conducted by t h e  Mc- 
Donne11 Douglas Ast ronaut ics  Company (MDAC), one of t h e  two prime 
c o n t r a c t o r s  f o r  t he  Phase B Space S t a t i o n  s tudy.  Other candida te  
propuls ion  subsystems are t h e  b i p r o p e l l a n t  subsystem (s tudied  by 
t h e  Mart in  Marietta Corporat ion,  Denver Div is ion)  and t h e  monopro- 
p e l l a n t  hydrazine APS ( s tud ied  by Hamilton Standard) .  MDAC i s  
p resen t ly  basing i t s  Space S t a t i o n  APS des ign  approach on t h e  mono- 
p rope l l an t  hydrazine subsystem. The o the r  Space S t a t i o n  prime con- 
t r a c t o r ,  t h e  North American Rockwell Corporat ion (NAR), has  a cryo- 
genic  b i p r o p e l l a n t  subsystem as the b a s e l i n e  f o r  i t s  APS. 
The hybr id  rocke t  w a s  s e l e c t e d  as a candida te  f o r  t h e  Space 
S t a t i o n  APS because: (1) i t  i s  s a f e  (due t o  i t s  l a c k  of t o x i c i t y  
and explos ive  haza rds ) ;  (2) i t  can combine t h e  s i m p l i c i t y  of a 
monopropellant wi th  t h e  performance of a b i p r o p e l l a n t ;  and (3) i t  
provides  on-off ope ra t ion  t h a t  cannot be  s a t i s f a c t o r i l y  obta ined  
wi th  a s o l i d  rocke t .  
This s tudy  w a s  made wi th  t h e  b a s e l i n e  Space S t a t i o n  def ined  i n  
t h e  MDAC Phase B Study.* This  conf igu ra t ion ,  shown i n  Fig.  1-1, 
has  a 10-m (33-f t )  diameter  ttcommon" module; t h e  Sa turn  S-I1 s t a g e  
i s  used as the  counterweight f o r  t h e  a r t i f i c i a l - g  experiments.  The 
"common" module conta ins  two decks. 
t h e  main work and l i v i n g  areas. Two of t h e  decks are devoted t o  
Two of t h e s e  modules make up 
* Space S ta t ion  Preliminary Design - U t i l i t y  Services. MSFC-DRL- 
160-Line I t e m  13 ,  Vol I ,  Book 4 ,  Prel iminary Systems Design Data, 
Contract  NAS8-25140. McDonnell Douglas Ast ronaut ics  Co, J u l y  1970. 
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genera l  purpose l a b o r a t o r i e s  that suppor t  t h e  experimental  program. 
Each of t h e  remaining two decks houses an  opera t ions  and l i v i n g  
q u a r t e r s  f o r  s i x  men. E i t h e r  l i v i n g  area could accommodate t h e  
e n t i r e  12-man crew i n d e f i n i t e l y ,  should t h e  need arise. Access 
between decks is  furn ished  by a c e n t r a l  t unne l  3.048 m (10 f t )  i n  
diameter t h a t  provides  emergency s h e l t e r .  Zero g r a v i t y ,  which i s  
d e s i r a b l e  f o r  t h e  conduct of experiments,  is  t h e  normal mode of 
opera t ion ,  a l though t h e  Space S t a t i o n  has  an a r t i f i c i a l - g  capabi l -  
i t y  provided by us ing  t h e  spent  Saturn S-I1 s t a g e  as a counter- 
weight e 
Trade s t u d i e s  of MDAC i n d i c a t e d  t h e  d e s i r a b i l i t y  of s a t i s f y i n g  
t h e  propuls ion  requirements by us ing  both a high t h r u s t  and a low 
t h r u s t  p ropuls ion  subsystem. 
s a t i s f i e d  by a R e s i s t o j e t  subsystem, which performed drag  makeup 
and t h e  CMG d e s a t u r a t i o n  func t ion .  
ments were considered;  t h e  b a s e l i n e  t h r u s t  
The low t h r u s t  requirements were 
Only t h e  
e CONCEPTUAL DES 
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This  chapter  desc r ibes  t h e  conceptual  design of t h e  hybr id  A P S  
t h a t  r e s u l t e d  from t h i s  program. Details on the  evo lu t ion  of t h i s  
concept are presented  i n  Volume 11. 
A. REQUIREMENTS 
Severa l  func t ions  f o r  t h e  APS involve  p o s i t i o n i n g ,  s ta t ionkeep-  
i n g ,  a t t i t u d e  c o n t r o l ,  pu l s ing ,  t h r u s t  vec to r  alignment,  t h r u s t  vec- 
t o r i n g ,  and plume impingement. I n  t h i s  s tudy ,  t h e  uses  f o r  t h e  
hybr id  APS are l i m i t e d  t o  high-torque, h igh- thrus t  func t ions  only 
f o r  t h e  Space S t a t i o n .  These func t ions  are: 
1) Providing a t t i t u d e  c o n t r o l ,  maneuvers, and docking 
func t ions  be fo re  a c t i v a t i o n  of t h e  c o n t r o l  moment 
gyros (CMGS) : 
c ia l -g  experiments;  
a r t i f i c i a l - g  experiment pe r iods ;  
2) Performing sp in /desp in  maneuvers f o r  t h e  f i v e  a r t i f i -  
3)  Providing a t t i t u d e  c o n t r o l  (wobble damping) during t h e  
4 )  Providing c o n t r o l  during t h e  docking maneuvers; 
5) Providing backup a t t i t u d e  con t ro l .  
The h igh- thrus t  subsystem i s  loca ted  on t h e  outboard a f t  end of 
t h e  Space S t a t i o n .  With t h e  t h r u s t e r  o r i e n t a t i o n  shown i n  Fig.  II- 
1, i t  provides  t h e  c a p a b i l i t y  t o  perform both a t t i t u d e  c o n t r o l  and 
sp in /desp in  f o r  a r t i f i c i a l - g  experiments.  
used f o r  sp in /desp in  and a t t i t u d e  c o n t r o l .  The t h r u s t e r s ,  i n s t a l l e d  
i n  two t h r u s t e r  module groupings,  are loca ted  a f t  on t h e  Y-axis ( i n  
t h e  s p i n  p l ane ) .  A c l u s t e r  of s p i n  t h r u s t e r s  i s  loca ted  i n  t h e  
module, o r i e n t e d  normal t o  the  v e h i c l e  s u r f a c e ;  a corresponding 
c l u s t e r  of t h r u s t e r s  on t h e  oppos i te  module provides  despin.  The 
m u l t i p l e  t h r u s t e r s  provide t h e  r e l i a b i l i t y  and redundancy necessary 
t o  complete t h e  sp in /desp in  ope ra t ions  s a f e l y .  
c o n t r o l  t h r u s t e r s  are a l s o  provided. By l i m i t i n g  t h e  l o c a t i o n s  
and o r i e n t a t i o n  of t h e  t h r u s t e r s ,  plume impingement is  minimized 
on a t t ached  experiment modules and t h r u s t e r  module i n s t a l l a t i o n  
weight i s  reduced; i . e . ,  t h e r e  are only two, i n s t e a d  of f o u r ,  mod- 
u l e s  e 
Separa te  t h r u s t e r s  are 
Redundant a t t i t u d e  
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Roll and Pitch 
Bra k i  ng 
Thrusters 
Yaw Thrusters 
F ig .  11-1 Thruster Location 
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The impulse requirements,  based upon t h e  MDAC Phase B s tudy ,  
are f u r t h e r  de- are presented  i n  
f i n e d  i n  terms of 
motors and the  t h r e e  
11-2 D 
B, SELECTED APPROACH 
The s e l e c t e d  concept (Fig.  11-2) employs separate t h r u s t  cham- 
b e r  assemblies  (TCAs) f o r  t h e  a t t i t u d e  c o n t r o l  func t ions  and the  
sp in /despin  requirements.  Separa te  o x i d i z e r  feed  systems are a l s o  
used t o  s a t i s f y  both  requirements .  Details of t he  s e l e c t e d  ap- 
proach are presented  i n  Table 11-3. 
Conceptual t h r u s t  chamber assembly designs are presented  f o r  
both the  ACS motors and t h e  sp in jdesp in  motors. 
refurbishment  assembly designs are a l s o  discussed f o r  bo th  systems 
us ing  t h e  s e l e c t e d  movable tube  approach. The resupply techniques 
f o r  t h e  p re s su ran t  and o x i d i z e r  are presented .  Two i n t e g r a t e d  
t h r u s t e r  pads w e r e  designed,  each t o  mount e i g h t  ACS motors and two 
sp in /despin  motors,  along wi th  t h e  requi red  ox id ize r  f e e d l i n e s  and 
ins t rumenta t ion  cab le s .  Two a u x i l i a r y  propuls ion  system rooms (one 
f o r  each t h r u s t e r  pad) w e r e  designed t o  provide f a c i l i t i e s  f o r  a l l  
hybr id  propuls ion  maintenance and r e p a i r  func t ions ,  as w e l l  as 
s t o r a g e  space f o r  s p a r e  propuls ion  components and replacement f u e l  
g r a i n s .  Propuls ion  c h a r a c t e r i s t i c s  were def ined  t o  e s t a b l i s h  com- 
ponent and o v e r a l l  system weights ;  r e l i a b i l i t y ,  maintenance, r e p a i r ,  
and resupply requirements;  and complete motor performance informa- 
t i o n .  
Conceptual motor 
The o v e r a l l  r e l i a b i l i t y  f o r  t he  complete a t t i t u d e  c o n t r o l  
system f o r  t h e  10-year per iod  w a s  0.9671. 
had an  o v e r a l l  r e l i a b i l i t y  of 0.9913. 
The sp in /desp in  system 
1. ACS T h r u s t  Chamber Assemblv 
An e a r l y  cons ide ra t ion  of mission requirements and c o n s t r a i n t s  
l e d  t o  t h e  s e l e c t i o n  of two s e p a r a t e  hybr id  TCA propuls ion  u n i t s  
t o  s a t i s f y ,  i n  an  optimum manner, t h e  impulse p r o f i l e d  necessary 
f o r  S t a t i o n  a t t i t u d e  c o n t r o l  and t h e  d i s c r e t e  spinup/despin func- 
t i o n s  
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Table 11-1 High-Thrust  Impulse Requirements 
I MISSION PHASE 
I n i t i a l  Boost thru 
Space Stat ion Operation 
(7-10 days) 
Space Stat ion Operation 
(10-90 days) 
Ar t i f ic ia l  -g Experi- 
ment Period (15 
months) 
Five Experiments 
Zero-g Space Stat ion 
(8% years)  
FUNCTION 
Maneuver t o  Gravity Gradient 
Orientation 
Attitude Control (Roll)  While 
i n  Gravity Gradient Operation 
Control during Docking of 
I n i t i a l  Crew/Cargo Module 
(ALS Hard Dock) 
Atti tude Control u n t i  1 CMGs 
Are Operating 
Space Stat ion Turnaround 
and Docking 
Control Att i tude during S-I1 
Safing and Arming 
Attitude Control ( i f  CMGs Are 
Inoperative) 
Control during Docking Dis- 
turbances 
Sp i n /  Des p i n 
Atti t u d e  Control whi  1 e 
Spinning 
Control during Cargo Module 
or ALS Docking Disturbances 
Attitude Control i f  CMGs Are 
Inoperative 
Control during Docking Maneu- 
vers (every 90 days) 
Miscel laneous Maneuvers 
(every 90 days) 
TOTAL 
*Per experiment. 
?Per event. 
IMPULSE 
-N-sec 
154,000 
204,000 
51,000 
87,000 
6,200,000 
184 , 000 
87,000 
51,000 
87,000 
51,000 
38;000,000 
lbf-sec 
34 , 500 
46,000 
11,500 
19,550 
1,396 ,100" 
41,400" 
19,550" 
11,500" 
19,5501 
11,500T 
8,509,500 
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Table 11-2 Impulse Summary for  Hybrid Propulsion Subsystem 
FUNCTION 
A t t i  tude Control 
0-90 Days 
3-18 Months 
18 Months-10 Years [138,000 
N-sec (31,050 1 bf-sec) /90 days] 
Total Atti tude Control Requirements 
Spi n/Despi n 
3-6 Months 
6-9 Months 
9-12 Months 
12-15 Months 
15-18 Months 
Total Spin/Despin Requirements 
TOTAL APS REQUIREMENTS 
IM 
N-sec 
498,000 
1,632,000 
4,770,000 
6,900,000 
6,200,000 
6,200,000 
6,200,000 
6,200,000 
6,200,000 
31,100,000 
JLSE 
1 bF-sec 
111,550 
362,250 
1,055,700 
1,529,500 
1,396,100 
1,396,100 
1,396,100 
1,396 100 
1,396,100 
6,980,000 
8,509,500 
MCR-71-11 (Vol I )  
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Table 11-3 Conceptual Hybrid APS Characteristics 
'ROPELLANTS 
Oxidizer 
Fuel 
Steady-State Specific Impulse (sec) 
Exhaust Products (99+%) 
Density of LOX at -297°F (456°K) 
Freezinq Point of LOX at 1.03 kg/cm2 
(14.7 psi) 
Boilinq Point of LOX at 1.03 kg/cm2 
(14.7 psi) 
Shock Sensitivity 
Health Hazards 
Fire Hazard 
Impulse of Primary System 
Number of Redundant Thrusters 
Attitude Control Thrusters 
Braking Thrusters 
Thruster Site, mm (in.) 
Weight (Less Structure) of Two Modules, 
kg ( bm) 
rHRUSTER MODULES (Two Required) 
SPIN/DESPIN SYSTEM 
Number of Thrusters 
Thruster Site, mm (in.) 
Weight (Less Structure) of Two Modules , 
kg (1 bm) 
PROPELLANT TANKAGE ASSEMBLIES 
Minimum Total Propellant Capacity, kg (lbm) 
Fuel 
Oxidizer 
Total Oxidizer Volume, m3 (ft3) 
Typical Site of Capillary Screen Tank 
Assembly, mm (in.) 
Total Weight, kg (lbm) 
HIGH-PRESSURE STORAGE 'ASSEMBLIES AND PRESSURE 
CONTROL ASSEMBLY 
Pressurant 
Total Pressurant Capacity, kg (lbm) 
Total Pressurant Volume, m3 (ft3) 
Number of Titanium Spheres 
Typical Size of Titanium Spheres, mm (in.) 
Pressure Control Assembly 
Total Weight, kg lb ( m) 
7ESUPPLY 
Method 
Transfer Efficiency (%) 
Total Weight of Distribution/Manifolds/ 
Umbilicals, kg lb i m) 
TOTAL SUBSYSTEM INERT WEIGHT (Less Structure) 
kg ('bm) 
Gaseous oxygen 
Polymethyl methacrylate/polybutadiene 
323 
1,104 k /m3 (71.2 lb/cu ft) 
55.2"K Q-362"F) 
CO, CO2, H 0, H2 
90.2"K (-297°F) 
Stab1 e 
Nontoxic 
Nonflammable 
222 N (50 lbf) 
16 
4 
172 (6.80) diameter by 940 (37.0) long 
168 (371) 
3 
394 (15.5) diameter by 2032 (80.0) long 
232 (522) 
454.3 C l O O O )  
161 (355) 
293 (645) 
0.27 (9.22) 
419 (16.5) diameter by 69.9 (27.50) long 
38.8 (85.72) 
He at 35.15 kg/cm2 (500 psi) 
7.4 k'g (16.32 16,) 
0.20 (7,'08) 
4 
45.7 (18) diameter 
Regulated 
17.1 (37.68) 
Blowdown Fluid Flow Transfer 
98 
31.7 (70) 
491.6 (1086.48) 
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Six teen  222-N t h r u s t e r s  were s e l e c t e d  t o  supply a t t i -  
tude c o n t r o l  impulse,  wh i l e  t h r e e  1114-N 
s e l e c t e d  f o r  t h e  l a r g e  impulse requirements of spinup/despin.  
The s e l e c t i o n  of two similar, b u t  d i f f e r e n t l y  s i z e d  t h r u s t e r s ,  
i s  d i c t a t e d  t o  achieve a s imple and reasonably s i z e d  motor f o r  
a t t i t u d e  c o n t r o l ,  wh i l e  providing a u n i t  of s u f f i c i e n t  s i z e  t o  
l i m i t  r equ i r ed  maintenance ( r e f u e l i n g )  during s t a t i o n  spinup opera- 
t i o n .  A maximum of commonality i s  maintained between t h e  two u n i t s  
t o  permit  s i m p l i f i e d  development. 
I n  designing both t h r u s t e r s ,  long-dura t ionand low-maintenance 
requirements l e d  t o  t h e  s e l e c t i o n  of a radiat ion-cooled molybdenum 
t h r u s t  chamber ope ra t ing  a t  r e l a t i v e l y  low p res su re  (80 p s i ,  o r  
558 kN/m2). A rad ia t ion-cooled  nozz le  of t h e  same material, l i n e d  
wi th  an MoSi2 coa t ing ,  i s  a l s o  used. The nozzle  expansion area 
r a t i o  i s  l i m i t e d  by a r e s t r i c t i o n  t h a t  t h e  e x i t  diameter  b e  no 
l a r g e r  than  t h e  diameter  of t h e  case t o  f a c i l i t a t e  withdrawal i n t o  
t h e  Space S t a t i o n  f o r  r o u t i n e  maintenance, 
The nozz le  s e l e c t e d  ope ra t e s  a t  a maximum temperature  of 2900'F 
(1867'K) w i th  e s s e n t i a l l y  zero e r o s i o n  and minimum maintenance re- 
quirements.  
Based on an eva lua t ion  of t he  performance and handl ing  charac- 
terist ics of p o t e n t i a l  p r o p e l l a n t s ,  w e  s e l e c t e d  a gaseous oxygen/ 
(PMM/PBD) p r o p e l l a n t  combination f o r  t he  a t t i t u d e  c o n t r o l  t h r u s t e r s .  
Liquid oxygen i s  used f o r  t h e  sp in /desp in  t h r u s t e r s .  
l a n t  system i s  s a f e  t o  handle ,  nontoxic ,  and r e s u l t s  i n  minimum 
impact on the  Space S t a t i o n .  I n  a d d i t i o n ,  t h e s e  p r o p e l l a n t s  pro- 
v ide  s a t i s f a c t o r y  performance a t  oxygen-to-fuel mixture  r a t i o s ,  
which r e s u l t s  i n  acceptab le  exhaust  gas temperature  and chemistry,  
and reasonable  refurbishment  ( r e f u e l i n g )  i n t e r v a l s .  
This propel-  
For t h e  l a r g e r  spinup motor,  s o l i d  f u e l  g r a i n s  are loaded i n  
e a s i l y  handled segments. 
monol i th ic  g r a i n s .  
The smaller a t t i t u d e  c o n t r o l  motor uses  
I g n i t i o n  system d i f f e r e n c e s  between t h e  mul t ipu l se  ope ra t ion  
of t h e  a t t i t u d e  c o n t r o l  t h r u s t e r s  and t h e  s i n g l e  long burn  of t h e  
spinup motors r e s u l t e d  i n  t h e  s e l e c t i o n  of a l t e r n a t i v e  systems. 
The mul t ipu l se  i g n i t i o n  i s  obta ined  wi th  an oxygen/propane spark- 
i n i t i a t e d  preburner  t h a t  has  proven s a f e t y  and r e l i a b i l i t y .  The 
s impler  s ing le-pulse  motor i g n i t i o n  i s  accomplished wi th  a squib- 
i n i t i a t e d  pyrogen system similar t o  those  used wi th  s o l i d  rocke t  
motors 
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Both motors s h a r e  a common malfunct ion d e t e c t i o n  system (MDS) 
philosophy and sens ing  techniques.  I n  p a r t i c u l a r ,  a h e l i c a l  
sens ing  w i r e  system i s  bur ied  i n  t h e  r ep laceab le  f u e l  c a r t r i d g e  
near  t h e  o u t e r  diameter .  A s  t h e  f u e l  g r a i n s  burn back t o  t h e  
c a r t r i d g e  w a l l ,  they cause a break  i n  t h e  sens ing  w i r e ,  which 
s i g n a l s  ox id i ze r  flow shutdown, I f  o x i d i z e r  cont inues t o  flow 
a f t e r  t he  f u e l  g r a i n s  burn back t o  t h e  c a r t r i d g e  w a l l ,  an  o f f -  
mixture  r a t i o  opera t ing  condi t ion  w i l l  occur ,  with an accompanying 
performance l o s s  and p o t e n t i a l  f o r  nozz le /case  damage. 
Except f o r  minor v a r i a t i o n s  a s soc ia t ed  wi th  dimensional d i f f e r -  
ences ,  e s s e n t i a l l y  common cons t ruc t ion ,  mounting, and handl ing 
phi losophies  are employed i n  both  motors. Motor c losu re  j o i n t s  
u se  shea r  p i n  f a s t e n e r s  wi th  s t r a p  r e t a i n e r s  t h a t  are a t  once 
s imple and r e l i a b l e ,  and which impose minimum work load on t h e  
crew during r o u t i n e  maintenance opera t ions .  Motor j o i n t s  are s o  
loca ted  as t o  e l i m i n a t e  t h e  p o s s i b i l i t y  of having h o t  gas l eak  
i n t o  t h e  Space S t a t i o n  i n  the  event  of seal  f a i l u r e .  
R e l i a b i l i t y  goa ls  of t h e  APS are m e t  through use  of h igh- re l ia -  
b i l i t y  components and redundancy i n  t h e  area of c r i t i c a l  subsystems. 
Main o x i d i z e r  p re s su re  r e g u l a t i o n  and va lv ing ,  f o r  example, w i l l  b e  
accomplished us ing  redundant systems. Malfunction sens ing  a l s o  in-  
c ludes  redundant sens ing  techniques ,  and a l l  primary p res su re  seals 
use  redundant O-rings. 
A d e t a i l e d  d i scuss ion  of s e l e c t e d  motor conf igu ra t ion  i s  pre- 
s en ted  i n  Volume 11. The a t t i t u d e  c o n t r o l  motor TCA i s  shown i n  
Fig.  11-3 and descr ibed  i n  the  performance, des ign ,  and weight 
s u m a r i e s  shown i n  Table 11-4. The ACS motor has  an o v e r a l l  l eng th  
of 940 mm (37.0 i n . ) ,  a loaded m a s s  of 21.0 kg (46.3 lbm),  and 
d e l i v e r s  225 N 50.5 l b  of average t h r u s t  f o r  386 sec, a t  an 
average chamber p re s su re  of 558 kN/m2 (81.0 p s i a )  I) 
de l ive red  s p e c i f i c  impulse i s  323 sec, and t h e  t o t a l  impulse p e r  
f u e l  g r a i n  i s  86,630 N-sec 
( f) 
The average 
19,480 lbf-sec ( ) 
The ACS motor TCA i s  shown schemat ica l ly  i n  F ig .  11-4. The 
gaseous oxygen l i n e  i s  connected t o  t h e  motor v ia  a double poppet 
screw disconnect .  Opening t h e  o x i d i z e r  c o n t r o l  va lve  al lows GOX t o  
ene rg ize  t h e  f l u i d i c  i n j e c t i o n  system, which mixes a measured amount 
of propane wi th  GOX i n  a precombustor. A timed spark  i g n i t e s  t h e  
mixture  and starts t h e  motor. Chamber p re s su re ,  t h r u s t ,  and f u e l  
dep le t ion  measurements are monitored by t h e  MDS. 
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Table  11-4 Conceptual A t t i t u d e  Control Motor TCA 
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PERFORMANCE SUMMARY 
Propel 1 a n t s  
Average Oxidizer/Fuel 
Average Chamber Pressure, 
Nozzle Expansion Rat io  
Average S p e c i f i c  Impulse, s e c  
Average Thrust, N ( l b f )  
Total  Impulse, N-sec ( l b f - s e c )  
Duration ( s e c )  
DESIGN SUMMARY 
Motor Design 
I g n i t i o n  
Oxidizer  Flow Control 
Forward Closure 
Motor Case and Nozzle 
kN/m2 ( p s i a )  
Grain Design 
Motor Refurbishment 
Grain Diameter, mm ( i n .  
Grain Length, mm ( i n . )  
Throat  Diameter, mm ( i n  
Overal l  Length, mm ( i n .  
WEIGHT SUMMARY 
Thrust Chamber Assembly 
Motor Case/Nozzle 
Forward Closure 
Oxidizer  Flow Control 
Instrumentat ion 
Reusable TCA Mass 
8 Useful Hybrid Fuel 
Expended TCA Mass 
Loaded Motor Mass 
Useful Propel lan t  Mass 
Phenol ic  Fuel Car t r idge  
Residual Hybrid Fuel 
Oxidizer  
Useful Fuel 
Total  Propel lan t  Mass 
Gaseous Oxygen/ (20% Polymethylmethacryl a te-80% Polybutadiene) 
1,815 
558 (81) 
100 
323 
225 (50.5) 
86,630 (19,480) 
386 
Flu id ic -Cont ro l led ,  Sparked Propan I g n i t i o n  System 
I n l i n e  Solenoid Valve w i t h  Double-Poppet Screw Line Disconnect 
304 S t a i n l e s s  S t e e l  Forward Closure Attached 
Radi ation-Cool ed,  MoSi2-coated Molybdenum 
Monoli thic ,  Single-Port  Fuel Grain Cast  i n t o  a Phenolic Car t r idge .  
T r i p  Wires Embedded i n  the Car t r idge  Signal Fuel Depletion 
Movable Tube Approach 
160 (6.30) 
564 (22 .2)  
16.6 (0.653) 
940 (37.0) 
kg (lb,) 
5.32 (11.72) 
3.82 (8.42) 
1.41 (3.10)  
10.6 (23.2) 
0.38 (0.83) 
9 .71 (21.42)  
0.37 (0.81) 
10.5 (23.1) 
21.0 (46.3) 
17.63 (38.87) 
9 .71 (21.42) 
27.3 (60.3) 
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GOX Doubl e-Poppet 
Screw Disconnect 
Oxidizer Control Valve 
e 
Disconnect 
Chamber Pressure 
Thrust Indicator 
Fig. 11-4 ACS Motor Schematic 
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The complete hybrid APS system uses  two t h r u s t e r  pads wi th  a 
t o t a l  of 16 ACS motors and t h r e e  sp in /despin  motors ( loca ted  i n  
f o u r  p o s s i b l e  f i r i n g  l o c a t i o n s ) .  
shown schemat ica l ly  i n  Fig.  11-5. The e i g h t  ACS motors are ar- 
ranged i n t o  two redundant sets of f o u r  motors.  Each set  i s  con- 
nec ted  t o  a backup shutdown valve. Each ACS motor has  s e p a r a t e  
GOX, propane, and e l e c t r i c a l  l i n e s .  The two sp in jdesp in  motors 
are  a t tached  t o  redundant LOX va lves  v i a  vacuum-jacketed f l e x  l i n e s .  
A hybr id  APS t h r u s t e r  pad i s  
The motors are loca ted  on r a i s e d  t h r u s t e r  pads i n s i d e  two 
hybr id  APS rooms on the  bottom deck of t he  proposed Space S t a t i o n ,  
as shown i n  F ig .  11-2. A l l  motors are s t o r e d  i n s i d e  during launch 
and extended once t h e  Space S t a t i o n  i s  i n  o r b i t .  The APS rooms 
provide a l l  t h e  f a c i l i t i e s  r equ i r ed  f o r  maintenance, r e p a i r ,  and 
resupply of t h e  hybr id  APS. 
Refurb ish ing/ re fue l ing  of t h e  t h r u s t e r s ,  shown i n  Fig.  11-6, 
is  accomplished by mounting a vacuum-tight work chamber w i t h i n  
t h e  S t a t i o n ' s  p re s su re  h u l l ,  leak-checking t h e  i n n e r  chamber, 
withdrawing t h e  t h r u s t e r  back i n t o  t h e  work chamber, s e a l i n g  o f f  
t h e  opening t h a t  i s  l e f t ,  leak-checking t h e  h u l l  seal, and re- 
moving t h e  work chamber. The motor i s  then r e fue led  by i n s e r t i n g  
a f u e l  g r a i n  c a r t r i d g e  complete wi th  MDS sensors .  A l l  o x i d i z e r  
and command/instrumentation umbi l ica ls  are equipped wi th  quick- 
disconnect  coupl ings t o  f a c i l i t a t e  handl ing.  Following checkout 
of t h e  assembled system, t h e  t h r u s t e r  motor i s  re turned  t o  f i r i n g  
p o s i t i o n  by e s s e n t i a l l y  r eve r s ing  t h e  motor withdrawal procedure.  
The hybr id  t h r u s t e r s  have minimum impact on t h e  ope ra t ion  and 
func t ion  of t h e  Space S t a t i o n .  This concept a l s o  o f f e r s  a s a f e  
and r e l i a b l e  means of s a t i s f y i n g  long-term a t t i t u d e  c o n t r o l  re- 
quirements ,  as w e l l  as s p e c i a l  p ropuls ion  demands such as spinup/  
despin a 
Storage of t h e  i n e r t ,  nontoxic  f u e l  c a r t r i d g e s  w i t h i n  t h e  Space 
S t a t i o n  p resen t s  no crew hazard o r  s p e c i a l  handl ing problems. 
o x i d i z e r  system p o t e n t i a l l y  could serve i n  a backup capac i ty  t o  
l i f e  suppor t  systems should such an arrangement b e  a t t ract ive.  
The 
Operat ion of t h e  APS a l so  p resen t s  no crew o r  hardware hazard,  
inasmuch as a l l  p o t e n t i a l  motor ho t  gas leakage pa ths  are e x t e r n a l  
t o  t h e  Space S t a t i o n  h u l l ,  and t h e  inhe ren t  s a f e t y  c h a r a c t e r i s t i c s  
of t h e  hybr id  motor e l imina te  t h e  p o t e n t i a l  f o r  d e s t r u c t i v e  pres-  
s u r e  sp ikes  o r  p r o p e l l a n t  de tona t ions  t h a t  e x i s t  i n  monopropellant,  
b i p r o p e l l a n t ,  and s o l i d  rocke t  motor systems. 
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2 .  Oxidizer Feed Assembly 
The conceptual  ox id i ze r  feed assembly shown i n  F ig .  11-7,  w a s  
designed t o  minimize maintenance, r e p a i r ,  and resupply  t i m e  whi le  
maximizing s a f e t y ,  r e l i a b i l i t y ,  and performance. The assembly 
w a s  designed t o  ope ra t e  wi th  t h e  ACS t h r u s t e r s .  The assembly f i t s  
i n  a cab ine t  203 mm by 122 mm by 61 mm (80 i n .  by 48 i n .  by 24 
i n . )  w i th  a volume of 1 .51  m3 (533 f t 3 ) .  
The o x i d i z e r  assembly i s  a p r e s s u r i z e d ' f e e d  system t h a t  uses  
helium as t h e  p re s su ran t  gas i n  a blowdown manner. The t i t an ium 
ox id ize r  tank  is  a capi l la ry-screen  type  chosen t o  provide o x i d i z e r  
pos i t i on ing  and expuls ion  c a p a b i l i t i e s  during zero-g o r  low-g 
opera t ion .  
The 10-year l i f e  requirement d i c t a t e s  t h a t  t h e  o x i d i z e r  f eed  
Thus, assembly b e  r epa rab le  and con ta in  a degree of redundancy. 
each propuls ion  module i s  designed t o  have two in te rconnec ted  
ox id ize r  f eed  systems t h a t  are v i r t u a l l y  independent.  I n  a d d i t i o n ,  
t he  o x i d i z e r  feed  assemblies  f o r  each module are in te rconnec ted .  
Furthermore, each system has s u f f i c i e n t  redundancy among i t s  com- 
ponents t o  e l i m i n a t e  s ing le-poin t  f a i l u r e s .  Each system con ta ins  
an assembly of quad check valves. A p o t e n t i a l  f a i l u r e  on one s i d e  
of t h e  quad valve i s  e l imina ted  by flow through t h e  redundant s i d e .  
This a l s o  permi ts  replacement of t he  f a i l e d  s i d e  of t h e  quad valve 
without  h inder ing  t h e  ope ra t ion  of t h e  propuls ion  system. The 
system employs a two-stage p res su re  and flow r e g u l a t i o n  assembly. 
I n  t h i s  manner, coa r se  r e g u l a t i o n  i s  obta ined ,  followed by f i n e  
r e g u l a t i o n  e Use i s  made of i n t e rconnec t ions  (crossover  valves) 
between t h e  two systems making up a propuls ion  module. Intercon-  
nec t ions  are loca ted  downstream of t h e  p re s su ran t  tank ,  downstream 
of t h e  o x i d i z e r  tank ,  and j u s t  upstream of t h e  TCA u n i t s .  This  
provides  i n t e r a c t i o n  between t h e  two systems of t h e  propuls ion  
module, i f  requi red .  Each system a l s o  conta ins  r e l i e f  valves and 
b u r s t  d i s c s  a t  l o c a t i o n s  where unre l ieved  p res su re  bui ldup could 
r e s u l t  i n  c a t a s t r o p h i c  f a i l u r e .  
The components are designed f o r  qu ick  removal w i th  a minimum of 
phys i ca l  e f f o r t .  Since a group of components (one s i d e  of t h e  
quad valve assembly, f o r  example) o r  a s e c t i o n  of t h e  ox id ize r  
feed  assembly may become d e f e c t i v e ,  modular iza t ion  is used when 
p o s s i b l e  e 
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Finally, it is recognized that the system fluids should be 
isolated during repair. These fluids should be removed during 
component repair or replacement. This requirement is satisfied 
by venting all fluid storage containers and transfer lines to 
vacuum and by using cold traps to reclaim the fluid. This permits 
storing the fluid, as well as isolating the system fluid if it be- 
comes contaminated. 
Resupply of the oxidizer feed assembly will be made with a 
A blowdown system will be used for pressurant 
blowdown system using capiallary screens for propellant orientation 
and acquisition. 
resupply. The pressurant bottle onboard the logistics craft will 
be sized so that the residual gas from the pressurant resupply will 
be used as the pressurant for oxidizer resupply. 
Self-sealing disconnects will be used to prevent spillage, 
The pressurant level will be determined by a pressure gage on 
Space Station storage tank. The oxidizer level will be predeter- 
mined on the logistics craft, and the whole bulk of fluid will be 
transferred. 
The interface between the logistics craft and the Space 
Station is the hand-operated quick disconnect. This could be con- 
verted to a "hard-dock" operation with additional development. 
This would eliminate crew commitment and completely automate the 
system e 
The feed system for the spiddespin experiments will be con- 
tained onboard the cargo module. This is necessitated by the 
large quantities of consumables required. This approach was used 
rather than a separate, larger feed system onboard the Space 
Station for the spin/despin motors. In this manner the feed sys- 
tem for spin/despin is removed when it is not required. 
also simplify the resupply requirements. All other functions -- 
including fault detection and compensation -- will remain the same. 
This will 
The Space Station oxygen feed assembly will be capable of two 
modes of operation, automatic and manual, For normal conditions, 
attitude correction will be initiated by the onboard computer 
operating on the automatic mode. This system will also automati- 
cally compensate for component failures by actuating proper cross- 
over valves to operate the standby redundant system. System 
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condi t ion  w i l l  b e  i n d i c a t e d  on t h e  c o n t r o l  pane l  (Fig.  11-8). The 
panel  w i l l  c o n s i s t  of a system schematic  wi th  warning l i g h t s  f o r  
a l l  major po r t ions  o r  modules of t h e  system. Three l i g h t s  w i l l  be  
provided f o r  each module: 
s tandby,  and red  f o r  a f a i l e d  module. 
green f o r  ope ra t ing  pa th ,  wh i t e  f o r  
I f  t h e  crew wishes t o  perform experiments o r  emergency a t t i t u d e  
c o r r e c t i o n s ,  they can switch t h e  togg le  switch on t h e  c o n t r o l  pane l  
from automatic  t o  manual opera t ion .  
opened, engine c o n t r o l  is  accomplished wi th  i s o l a t i o n  switches on 
t h e  c o n t r o l  panel .  The c o n t r o l  pane l  w i l l  a l s o  inc lude  a p res su re  
gage and s e l e c t o r  swi tch  t h a t  can be  used t o  check P res su re  read- 
ings  a t  va r ious  p o i n t s  a long t h e  system t o  i s o l a t e  p o s s i b l e  f u t u r e  
f a i l u r e s .  The onboard computer w i l l  b e  programmed t o  i n d i c a t e  
component f a i l u r e  and necessary compensation requirements.  
A f t e r  t h e  c o n t r o l  valve i s  
C. DEMAND ON SPACE STATION 
This  s e c t i o n  p resen t s  t h e  demand on Space S t a t i o n  systems im- 
posed by t h e  hybr id  propuls ion  subsystem. I t e m s  p resented  inc lude  
onboard s p a r e s ,  scheduled maintenance, s p e c i a l  equipment, and re- 
supply * 
A l l  maintenance, r e p a i r ,  and spa res  s t o r a g e  f o r  t h e  o x i d i z e r  
feed  assemblies  and t h e  t h r u s t e r s  t ake  p l a c e  i n  two a u x i l i a r y  
propuls ion  subsystem rooms loca ted  on t h e  bottom deck of t h e  Space 
S ta t ion .  This  lower deck a l s o  con ta ins  two docking p o r t s  w i th  
1.52-m (5.0-f t )  passageways leading  t o  a 3.04-m (10-f t )  diameter 
c e n t r a l  t u n n e l -  
The a u x i l i a r y  propuls ion  subsystem rooms are designed around 
t h e  t h r u s t e r  pads and refurbishment  t a b l e .  This  t a b l e  is t h e  
primary APS maintenance and r e p a i r  s t a t i o n .  S torage  space under- 
nea th  t h e  t a b l e  and i n  cab ine t s  ho lds  s p a r e  and replacement p a r t s ,  
replacement f u e l  g r a i n s ,  and refurbishment  equipment. Recessed 
c r a d l e s  and s t r a p s  are a v a i l a b l e  t o  hold motors and feed system 
tanks dur ing  r e p a i r  o r  refurbishment .  
The s e l e c t i o n  of onboard s p a r e s  w a s  based on t h e  fol lowing 
c r i t e r i a :  
1) Components whose f a i l u r e  would adverse ly  a f f e c t  crew 
s a f e t y .  No components are requi red  t o  m e e t  t h i s  
c r i t e r i o n ;  
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2 )  
3 )  
Components whose f a i l u r e  would degrade mission success ;  
Components w i th  a h igh  f a i l u r e  p r o b a b i l i t y .  
Because each p i e c e  of hardware and each designed p i e c e  of 
equipment w a s  s e l e c t e d  wi th  r e l i a b i l i t y  as one of t h e  important  
c r i t e r i a ,  s p a r e s  were kep t  t o  a minimum. Motor replacement p a r t s  
w i l l  i nc lude  complete modular assemblies ,  such as i g n i t e r s ,  f l u i d i c  
assemblies ,  and spark ing  assemblies ,  i n  a d d i t i o n  t o  O-rings, shea r  
p ins ,  and f u e l  g r a i n s .  Oxid izer  feed  assembly replacement p a r t s  
inc lude  three-way valves, c o n t r o l  valves, r e l i e f  valves, c o n t r o l  
r e g u l a t o r s ,  and f i l t e r s .  Whenever an  i t e m  i s  rep laced  o r  re fur -  
b i shed ,  t h e  o l d e r  s tocked i t e m  w i l l  be  used f i r s t ,  s o  t h e  s p a r e  
and reserve p a r t s  w i l l  always b e  f r e s h .  
Refurbishment of each ACS t h r u s t e r  r equ i r e s  approximately 4 1  
minutes,  and each sp in /despin  motor,  43 minutes. The t o t a l  crew 
t i m e  p e r  y e a r  f o r  t h e  scheduled maintenance of t h e  feed  assembly, 
inc luding  resupply pe r iods ,  i s  286 minutes.  
S p e c i a l  t o o l s  r equ i r ed  inc lude  con ta ine r  assemblies  f o r  t h e  
t h r u s t e r s ,  a do l ly ,  a f l u i d  decontamination t o o l ,  and t h e  normal 
hand t o o l s .  
The ins t rumenta t ion  and computer f a c i l i t i e s  requirements were 
designed t o  s a t i s f y  f o u r  primary ob jec t ives :  
1) Ensure mission success;  
2) 
3) 
4 )  
Promote s a f e  propuls ion  subsystem ope ra t ion ;  
Minimize propuls ion  maintenance and i n c r e a s e  propuls ion  
r e l i a b i l i t y  ; 
Provide minimum impact on Space S t a t i o n  ac t iv i t ies .  
Malfunction d e t e c t i o n  devices  on t h e  t h r u s t e r s  i nc lude  p res su re  
and t h r u s t  t ransducers  and f u e l  t r i p  wires. The ope ra t ion  of t h e  
ox id ize r  f eed  assembly i s  monitored by a series of p re s su re  read- 
ings .  The conceptual  hybr id  A P S  can achieve  high r e l i a b i l i t y  and 
s a f e t y  w i t h  ex tens ive  computer f a c i l i t i e s .  
Resupply of t h e  A P S  encompasses a l l  ac t iv i t ies  from terres- 
t r i a l  s t o r a g e ,  inventory  c o n t r o l ,  and ground handl ing  t o  i n f l i g h t  
refurbishment  of t h e  subsystem. 
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A t  launch,  a l l  necessary  equipment and too l ing  w i l l  be  onboard 
t h e  Space S t a t i o n  t o  perform t h e  planned a t t i t u d e  c o n t r o l  and s p i n /  
despin maneuvers, I t e m s  t h a t  w i l l  be  resuppl ied  during t h e  10-year 
S t a t i o n  o r b i t  w i l l  be  as fo l lows:  
1) Consumab les  : 
a )  Liquid oxygen, 
b )  Helium p r e s s u r a n t ,  
c)  
d) 
e )  Spin/despin motor i g n i t e r  assemblies;  
ACS and sp in /despin  motor f u e l  g r a i n s ,  
Propane gas f o r  i g n i t i n g  ACS motors, 
2) Items t h a t  Age o r  Wear Out wi th  T i m e  and U s e :  
a )  Valves, 
b )  F i l t e r s ,  
c) O-rings, 
d )  Seals. 
A schedule  f o r  resupply is  shown i n  Table 11-5. Resupply 
q u a n t i t i e s  of t h e  consumable i t e m s  were determined from the t o t a l  
impulse requirements presented  i n  Table 11-2. The resupply sched- 
u l e  assumes a S h u t t l e  f l i g h t  every 6 months, except during t h e  
a r t i f i c i a l - g  maneuvers when a cargo module i s  docked t o  supply LOX. 
The f i r s t  S h u t t l e  f l i g h t  would be  flown 3 months a f t e r  launch,  and 
t h e  l as t  resupply f l i g h t  would b e  flown 9 yea r s  and 6 months a f t e r  
launch. A t o t a l  of 2 1  resupply S h u t t l e  f l i g h t s  would be  made dur- 
i ng  t h e  10-year Space S t a t i o n  mission. 
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This study has shown that the hybrid propulsion subsystem is 
an attractive candidate for attitude propulsion on the Space Sta- 
tion. However, the changing status of the Space Station concept 
means that additional study programs are required. Recommended 
study programs include: 
1) Use of the hybrid rocket to satisfy low-thrust, as 
well as high-thrust requirements; 
2) A system's study investigation of the use of trash 
generated onboard the Space Station to supply the 
fuel for the hybrid-grain; 
An evaluation of the candidate propulsion subsystems 
for attitude control of the Space Station. The can- 
didate propulsion subsys tems include hybrid monopro- 
pellant, and cryogenic bipropellant systems. 
3) 
We also recommended that NASA initiate propulsion programs 
Previous that emphasize inflight maintenance and commonality. 
programs have emphasized propulsion performance which, in itself, 
is not sufficient for long-life systems. These programs should 
not only emphasize the design of these systems, but also demon- 
strate their inflight maintenance capability. 
It is also apparent in this study that inflight maintenance 
for propulsion must interface with other subsystems to provide the 
most effective concept. Therefore, one central integrator is re- 
quired to define, implement, and coordinate the inflight mainte- 
nance program for the Space Station. 
New technology requirements identified during the performance 
of this study and recommended for further effort are: 
Development of three-way valves ; 
Development of electromechanical and mechanical bel- 
lows systems; 
Inflight maintenance experiment; 
Zero-g fluid transfer; 
Capillary screen development for cryogens; 
Component design and test for maintainability; 
Design and test fluid fittings; 
Long-life test program; 
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9) Low-pressure, radiation-cooled hybrid motor; 
10) Low oxidizer mass flux regression characteristics 
with GOXI (PMM/PBD) ; 
11) Advanced low-maintenance ignition concepts. 
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